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ABSTRACT

Synthesis and single-crystal X-ray studies o f the bis(fert-butylamido)
cyclodiphosphazane cis-[(tBuNP)2(tBuNH)2], 1, and its lithium, magnesium, and tin(IV)
salts are described. The pristine molecule has crystallographic C2 symmetry, both N -H
groups being disposed in an endo fashion, and crystallizes in the monoclinic space group

P2/c with unit cell dimensions (193 K) a = 9.600(4) A, b = 5.904(4) A, c = 18.97(1) A, /?
= 101.09(3)°, and Z = 2. Treatment o f 1 with "BuLi or (nBu)2Mg in refluxing THF yielded
the heterocubic cA-[(tBuNP)2(*BuNLi • THF)2], 2, and the seco-heterocubic
[(tBuNP)2(‘BuN)2]Mg»(THF)2, 3 , respectively. The crystal data (233 K) for the dilithio
compound are monoclinic space group P 2/c, a = 10.691(1) A, b = 15.827(2) A, c =
19.424(4) A, /? = 105.617(7)°, and Z = 4, and those for the magnesium derivative (213 K)
are monoclinic, space group P2x/n , a = 10.6272(4) A, b = 17.6643(7) A, c — 16.3625(6)
A, p= 90.47(3)°, and Z = 4.
The interaction o f 2 with SnCl2 in toluene/tetrahydrofuran mixture produced the
carbenoid tin(II) compound [(tBuNP)2(tBuN)2Sn], 4 which has been used as a building
block for tin chalcogenides. Treatment o f 4 with SnCl4 has produced the heterocube
[(tBuNP)2('BuN)2]SnCl2, 5 which crystallizes in the orthorhombic space group P2l2l2l
with unit cell dimensions a = 9.901(2) A, b = 15.241(2) A, c = 16.26(2) A, and Z = 4 .
xv

Furthermore, novel dinuclear polycyclic compounds o f tin(IV) o f the general formula
[(tBuNP)2(tBuN)2SnE]2, E = O, S, Se were synthesized by treatment o f 4 with the
chalcogens 0 2, S8, and Sen.. Single-crystal X-ray studies revealed that all three products,
[(tBuNP)2(tBuN)2SnO]2, 6, [(tBuNP)2(‘BuN)2SnS]2, 7, and [CBuNP)2CBuN)2SnSe]2 ,9 , are
dimers. These three complexes are isostructural, and crystallize in the monoclinic space
group C.2/m. The unit cell dimensions (233 K) for 6, 7, and 9 are a = 24.0752(6) A,b =
11.6275(2) A, c = 9.8462(2) A, J3= 112.883(1)°, and Z = 2; a = 23.7096(1) A, b=
11.7950(1) A, c =9.8365(1) A, /?= 109.216(1)°, a n d Z = 2; and a =23.6374(1) A, b =
11.8163(1) A, c = 9.9063(1) A, /?= 108.541(1)°, Z = 2, respectively. A fourth dimerwas
prepared by treatment of 4 with 2 equivalents o f sulfur to produce
[(tBuNP)2(tBuN)2SnS2]2, 8 which crystallizes in the orthorhombic space group Pbca with
unit cell dimensions a = 15.961(2) A, b = 10.790(2) A, c = 27.207(3) A, and Z = 4.

xvi

I. INTRODUCTION

A. The Structure o f Cvclodiphosphazanes
Four-membered heterocycles containing nitrogen and phosphorus, commonly
referred to as cyclodiphosphazanes (CDP), have been studied extensively.1 A large number
o f molecules employing the phosphazane heterocycle as a building block have been
reported. Most o f them are monomeric, but some dimers and even oligomers have been
synthesized.2 The first evidence for a four-membered (N-P)2 ring goes as far back as the
late 19th century when Michaelis synthesized dichloro-diaryl-cyclodiphosph(III)azanes.3
The basic structure o f cyclodiphosphazanes allows a variety o f possible substituents to be
added to each element in the ring. Depending on the oxidation state o f phosphorus, any
number o f groups between four and eight is possible. Figure 1 shows three possible
structures, o f which the first two can exist as cis and trans isomers.

Figure 1. Three common structures o f cyclodiphosphazanes.

1

2
Because phosphorus can be three, four or five coordinate in these compounds, other
structures can be envisioned as well. The substituents can be alkyl groups, halogens or
other groups, but E is restricted to a single element like oxygen or sulfur that forms a
double bond with phosphorus.

B, Metal Complexes o f Cvclodiphosphazanes
Numerous articles report research on the attachment o f groups containing
elements other than metals to the ring. Only a few research groups have published results
describing the synthesis o f CDP complexes incorporating metals. Krishnamurthy et al.
made use o f the phosphorus lone pairs in cyclodiphosph(III)azanes, and produced
mononuclear,4,5 dinuclear,6,7 and dimeric5,8 species containing phosphorus to metal
coordination.
b. Bidentate

a. Monodentate

R

R
R

R

[M]
R

c. Disubstituted
R

R

R

R

...p

R

Figure 2. Mononuclear complexes o f cyclodiphosphazanes.

R

3
Figure 2 shows the mononuclear complexes that have been isolated, o f which the
disubstituted species, Figure 2c can exist as cis and trans isomers. In particular,
octahedrally coordinated group 6 metals,4 and four-coordinate square planar rhodium,5,6
palladium5,7,8 and platinum5,7,8 complexes were reported. Cis and trans isomers for
disubstituted molecules have been found for both octahedral and square planar geometries.
Coordination o f CDP as phosphorus-donor ligands can be achieved by the displacement of
amino groups. The reaction procedure requires heating o f the reactants in refluxing aprotic
solvents for 6 to 12 hours.4'8 The same procedure, depending on the stoichiometry, affords
mononuclear and dinuclear products. The dinuclear species shown in Figure 3 can be
dimers or chain-like if they contain more than one CDP unit.
R

R

Figure 3. Dinuclear complexes of cyclodiphosphazanes.

Mononuclear titanium,9 iron,9 and nickel10 complexes were also isolated. The
nickel complex is a simple adduct as shown in Figure 2a. A slightly different approach was

4
chosen by Kuhn et a l 9 They treated diiron nonacarbonyl, Fe2(CO)9 or titanium (IV)
chloride with dichloro-bis(fert-butylamido)cyclodiphosph(III)azane to produce CDP
chelated metal complexes, as depicted in Figure 2b. Furthermore, there have also been
reports on dinuclear CDP complexes.11,12 The first example is a rhenium complex which
was obtained by simple ligand displacement.11 DuBois et al. reported a structurally
interesting dimer that contains one manganese phosphorus o-bond and one dative bond
per metal center.12
Other CDP metal complexes reported in the literature contain metal amide bonds
that can be formed when amino groups are attached to the phosphorus atoms o f the
heterocycle. Mononuclear complexes of antimony,13 tin14 and rhenium15,16 in which the
metal is chelated by two nitrogen atoms are known (Figure 4a). In these compounds,
chelation can only occur if the amino groups are cis to each other. Dinuclear complexes
can also be synthesized, but only one example appeared in the literature.17In this particular
case the CDP unit is a cyclodiphosph(V)azane with four amino groups chelating two
rhenium metal centers (Figure 4b).
a. Mononuclear

b. Dinuclear
R

R
R

R
R

R

Figure 4. Mononuclear and dinuclear metal amides o f CDP

R

5
C. Metal Amides
Metal amides are essential in biological systems, e g. hemoglobin and chlorophyll,
because they have important biochemical functions. They are also important industrial
catalysts, one example being their use as polymerization initiators. Group 4 transition
metal amides, in particular, are effective towards polymerizing acrylonitrile.
Tetrakis(dimethylamido) complexes o f titanium,18zirconium,19 or hafnium20 produce high
molecular-weight polyacrylonitrile even at - 78 °C. Metal amides contain at least one
metal nitrogen bond, and have the general formula R^M -N R^. Since the nitrogen
possesses a lone pair o f electrons it can function as a donor site. In addition, the metal can
serve as an electron acceptor if it exhibits Lewis-acid character, so that further binding can
principally lead to mono-, oligo-, or polynuclear species.
If the metal still possesses Lewis-acid character after utilization o f its valence, it
will attempt to obtain electronic saturation by other means. This can be accomplished by
binding with nucleophiles which also increases the metal’s coordination number.
Nucleophilic binding can occur intermolecularly or intramolecularly, depending on the
steric environment and the nature o f R and R'. For example, porphyrins contain four
nitrogen atoms o f which two are o-bonded to the metal center and two form
intramolecular coordination bonds. In addition, the metal can bind to other nucleophiles,
like 0 2 or NR3.21
The coordination number o f the metal is not only limited by its electron count, but
also by the nature o f the substituents (R ') on the nitrogen. Bulky groups allow lower
coordination numbers than normally expected, because they shield the metal center

6
effectively, so that binding o f donors is prevented. Another factor that restricts
coordination numbers is the use o f chelating ligands, like the bidentate di-tert-butylamidodimethyl-silane, [Me2Si(*BuN)2]2', which forms monomers with divalent group 14
metals.22,23
*Bu

I

Me*
Si

y
M e^

/

N

\

\

MS

M = Ge, Sn, Pb

/
N

*Bu
Figure 5. Structure o f the monomeric [Me2Si(tBuN)2]M carbenoids o f group 14 metals.22,23

This ligand allows the formation o f two-coordinate monomers o f stannylene,
germylene, and plumbylene that possess electron sextets. On one hand, these molecules
are kinetically stable because the metal is shielded by the sterically protective, bidentate
ligand. On the other hand, the stability o f the metal to nitrogen bond is enhanced by pn —♦
dn: interactions between nitrogen and silicon. Silicon has low lying d-orbitals that engage
in backbonding with the nitrogen’s lone pair, thereby stabilizing the anion. These
monomers feature interesting polyfunctional Lewis-acid-base character because they are
electron deficient, but have a lone pair o f electrons available for donation. This
characteristic makes metal amides of tin particularly interesting because they have versatile
reactivity. Tin amides have also been compared to Grignard reagents because o f their
similar reactivities.24,25
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D. Metal Amides o f Tin
Considering that Si-N bonds have been known for about 170 years, it is surprising
that the first Sn-N bond containing molecule, Sn(NEt2)4 was reported only fifty years
ago.26 Shortly after the first synthesis o f metal amides, many researchers directed their
interest towards organotin-amides, and many synthetic advances were made in a short
time. At present, the synthesis and reactivity of tin-amides is well established as
exemplified by the large number o f books,27 and reviews28 that have appeared on the
chemistry of organotin and tin amide species.
Lappert has divided tin amides into three classes: (i) complexes containing N —►Sn
donor bonds, (ii) four and three coordinate aminostannanes, and (iii) two and four
coordinate tin pseudo halides.27a,27b In the literature, aminostannanes are also referred to as
stannylamines, stannazanes or simply tin amides. Lappert’s classification involves a lengthy
set o f rules and exceptions which goes beyond the scope o f this work. A simpler division
by oxidation states into metal amides o f Sn(II) and Sn(IV) will be used in this thesis.
The most effective way to synthesize Sn(II) and Sn(IV) amides is by transmetallation (Scheme 1). For tin(IV) up to four ligands can be attached to the metal unless
the ligands are too bulky to prevent further halide displacement. For example, when SnCl4
is treated with excess lithium bis(trimethylsilyl)amide, LiN(SiMe3)2, only two ligands will
bond to tin forming the disubstituted product.29 For this particular ligand, the tris-amido
complex, SnCl[N(SiMe3)2]3 has also been made, although not by trans-metallation.30
Except for these steric restrictions, any primary or secondary amine should form Sn-N
bonds. Up to four different amines can be added to Sn(IV) by repeating the standard
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trans-metallation reaction. Other preparative methods, like trans-amination,31 addition
reactions,32 and metathetical reactions from Sn-0 compounds33 are known, but the
versatility o f trans-metallation is superior for most products.

a. Sn(II) trans-metallation

SnCl2 + nM(NR2)x -►Sn(NR2)mCl2.m+ nMClx

b. Sn(IV) trans-metallation

SnCl4 + nM(NR2)x -> Sn(NR2)mCl4.m+ nMClx

Scheme 1. Formation o f Sn(II) and Sn(IV) metal amides by trans-metallation (M = alkali
metals, or Mg; x = oxidation state o f M; n = 1,2,3,4; m = x + n).

Some Sn-N bond strengths have been thermochemically determined, and found to
be between 30 to 60 kcal mol"1, with Sn(II) compounds having the higher bond energies.34
Tin nitrogen bonds are weak, and highly polar Sn6+-N 5"(A En = 1.08) which makes metal
amides o f tin fairly reactive. The Sn-N bond length has been determined for several
°

complexes by single-crystal X-ray diffraction studies; it is about 2.04 ± 0.03 A. Most
reactions that apply to tin amides are valid for metal amides in general, but tin derivatives
are among the most reactive species providing formation o f several useful products. For
example, tin-metal bond formation can be achieved by treating a metal hydride, R^M-H
with an amide, R’3Sn-NR2. In the early 70s compounds with tin-mercury,35 -chromium,36
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-molybdenum,” -tungsten,36,37 and -platinum38 bonds were synthesised from metal
hydrides. More recently, other molecules containing metals and metalloids like iron,283
germanium,39 and titanium40bonded to tin have been reported.
Some o f the earliest metal hydride reactions lead to the formation o f tin-tin bonds,
R3Sn-SnR3.41 If any o f the R groups are amines, further treatment o f metal hydrides will
lead to additional metal-metal bond formation.42 For Sn-Sn bonds polystannanes are
known with up to six tin metals in a chain.43 Cyclization o f tin nitrogen compounds takes
place if they are treated with an organotin dihydrides. Four-,44 five-45 and six-membered46
tin rings have been reported (Figure 6b). The size o f the ring is controlled by the nature of
the substituents.

a. M onohydride product

R

D

b. Dihydride product

R

R

R

Figure 6. Some polymetal compounds from metal hydride reactions with tin amides.39,46

Since tin amides react with metal hydrides it is conceivable that they would also
react with other protic molecules to form similar compounds. Just as for metal hydrides,
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these reactions are substitutions on nitrogen, but instead o f metal-tin bonds, nonmetal-tin
bonds are formed.25 Some o f the more interesting reactions o f protic species are those
with H -C 5H 5, and H -PPh2. In principle, protic species react in the same way as metal
hydrides, except that metal hydrides do not need to be acidic. In fact, some metal hydrides
will react even if they are neutral or basic.

E. Metal Amides o f Lithium
The previous section established that trans-metallation is an ideal synthetic
pathway to obtain tin amides. According to Scheme 1, one o f the reactants is either an
alkali metal amide or magnesium amide. The alkali metal amides are often used as amide
transfer reagents and are therefore frequently prepared in situ. Alkali metal amides are
rarely isolated because they readily react with water to form the amine and metal
hydroxide. Alkali metals are sufficiently reactive that they will deprotonate most primary
and secondary amines, and treatment o f liquid ammonia with an alkali metal in the
presence o f a catalyst affords M -N H 2.47 In a second step, certain primary and secondary
amines then exchange a hydrogen for the metal to form ammonia and the corresponding
alkali metal amide.48
A more convenient synthesis involves the treatment o f an amine that contains at
least one acidic hydrogen with a metal alkyl, that is sufficiently basic to deprotonate the
amine.49 Since n-butyl lithium is commercially available, lithium derivatives are easily
prepared in this manner. For this reaction, aromatic hydrocarbon solvents can be used, but
ethereal solvents are preferred because alkyl lithium species are stronger bases in ethereal

solvents and this allows shorter reaction times. Alkali metals are such strong Lewis-acids
that they prefer to be four-coordinate in order to obtain electronic saturation. The
presence of ethereal solvents will allow intermolecular adducts with solvent molecules if
necessary, and this provides lithium with an electron octet. It is not unusual for lithium
amides to crystallize as mono, di or tri solvent adducts.

F. Metal Amides o f Magnesium
Just like alkali metal amides, magnesium analogues can also serve as amide transfer
reagents. Metal amides o f magnesium are easily synthesized from reagents like dialkyl
magnesium and an amine,50 and because magnesium is divalent, bis(amido)magnesium and
alkyl(amido)magnesium are possible products. Since alkyl magnesium is not quite as basic
as alkyl lithium, ethereal solvents are preferred for the synthesis in order to enhance
basicity.

G. The Molecular Structure o f IY'BuN PW B uNHLI. CPT
Because the incorporation o f metals into cyclodiphosphazanes introduces
conformational constraints, the chemical reactivities o f their complexes may prove to be
unique. Our research group is interested in these chelating amido ligands as building
blocks for materials and novel catalysts. We have synthesized a number o f cA-bis(primary
amino)-cyclodiphosph(III)azanes for incorporation o f transition metals,51 and main group
elements.52,53 The coordination environment of these bis(amido) ligands may possibly be
unique for olefin-polymerization catalysts.54
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The work discussed in this thesis focuses on the synthesis and characterization of
one particular ligand, bis(tert-butylamido)cyclodiphosph(III)azane (CPT), and its
complexes o f lithium, magnesium and tin.
R-

NH

R

\ X /

HN'

R

rN ^

R
Figure 7. Structure o f bis(fe/'t-butylamido)cyclodiphosph(III)azane, (1) ( R. = ter/-butyl).

Upon investigation of the structure o f CPT shown in Figure 7, one can notice that
the gap between the amino nitrogens provides enough space for chelation o f metals.
Single crystal X-ray diffraction studies o f CPT showed the distance between the amido
nitrogens to be 4.16 A.52,55 Furthermore, the lone pairs on the phosphorus atoms that are
responsible for the cis conformation o f the te/7-butylamino groups should allow certain
flexibility so that a variety o f metals with different radii may fit between the nitrogens.
Deprotonation o f the amino groups with a strong base like «-butyl lithium should afford
the dianion o f CPT, and thus bis(amido) complexes can be obtained after insertion o f
metals.

II. EXPERIMENTAL

A, Description o f Techniques and Chemicals Used
All experiments were carried out under a N2 or Ar gas which had been passed over
BASF catalyst and molecular sieves using standard Schlenk line techniques. All reaction
glassware was evacuated and back filled with an inert gas. The solvents, tetrahydrofuran
(THF), toluene, and hexane were refluxed over potassium or sodium, and benzophenone
ketyl, then distilled prior to use. Sulfur was sublimed under vacuum, then collected under
an inert gas. Stannous chloride-dihydrate (SnCl2 • 2H20 ; 1 mol) was treated with 2 moles
o f acetic anhydride, then washed with dry ether to give anhydrous stannous chloride.56 The
white solid was dried in an oil bath at 110 °C in vacuo for 6 hours. Tin(IV)chloride was
diluted in toluene to a 0.002 M stock solution. All other commercially available chemicals,
H-butyllithium, terAbutylamine, phosphorus trichloride (PC13), selenium, and oxygen were
used without further purification. Reactions run at temperatures lower than ambient were
maintained by dry ice-acetone (-78 °C), and ice baths.

B. Description o f Instrumentation
All melting points were taken on a Laboratory Devices Mel-Temp Apparatus.
Proton ('H), carbon-13 ( l3C), and phosphonis (31P) NMR spectra were recorded on a
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Varian VXR-300 spectrometer. Chemical shifts are in parts per million (ppm) with respect
to the internal standard tetramethylsilane (TMS, 0.0 ppm) or to the deuterated solvent
benzene-d6(C6D6, 7.15 ppm) for 13C and 'H. Chemical shifts for 31P are with respect to
the standard, triethylphosphite (137.0 ppm). Elemental analysis was obtained by Desert
Analytics in Tucson Arizona, Robertson Microlit Laboratories, Inc. in Madison New
Jersey, and E + R Microanalytical Laboratory, Inc. in Corona, New York. Mass
Spectroscopy analysis was performed by the Mass Spectrometry Service Laboratory at the
University o f Minnesota.

C. Preparation o f ify-r(TluNP)TT3uNHT,L 1
This is a modified procedure o f the one originally reported by Holmes and
Forstner.57Phosphorus trichloride (16.6 mL, 0.19 mol) was added dropwise to 100 mL
(0.95 mol) o f fc/7-butylamine in 300 mL o f hexane at room temperature, then refluxed for
four hours. A white precipitate (ferf-butylammonium chloride) formed immediately after
addition o f a few drops. The mixture was allowed to cool, then filtered and washed with
100 mL o f toluene. The solution was concentrated to 100 mL and cooled to -18 °C. After
a few hours 27.84 g o f white crystals o f 1 formed Yield: 84.22 %, Mp: 140-143 °C. 'H
NMR (C6D6): 6 1.45 (s, 18 H) 1.23 (s,18H ). 13C{'H} NMR (C6D6): 8 52.27 (t, J = 57
Hz), 51.64 (d, J = 48 Hz), 33.27 (d, J = 39 Hz), 31.89 (t, J = 29 Hz). 31P{‘H} NMR
(C6D6): 8 88.54 (s). MS (El, 70 eV): m/z (%) 57 (26.7), 58 (10.9), 103 (12.9), 108
(25.0), 123 (25.9), 164 (17.2), 220 (13.8), 276 (100), 277 (15.3), 348 (24.7) = M+.
Elemental analysis calculated for C 16H36N4P2: C, 55.15; H, 10.99; N, 16.08; P, 17.78.
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Found: C, 55.27; H, 11.02; N, 16.24.

D Preparation of rrBuNPW^uNLi-THFY,!. 2
In a 250mL two-neck flask equipped with an addition funnel, 10.6 g (30.5 mmol)
o f cyclodiphosphazane 1 were dissolved in 30 mL o f toluene. 24.4 mL (61 mmol) o f nbutyllithium and 10 mL o f toluene were transferred to the addition funnel, then added
slowly to 1 at 0 °C. After the butyllithium had been added, the solution was allowed to
reach room temperature, and then refluxed for 3 hours. The reaction mixture was
concentrated until saturated and cooled to -18 °C. Colorless, rhombic crystals formed
after 48 hours. A collection of three fractions yielded 11.5 g. Overall yield: 74.8%. Mp:
238 °C. 'H NMR (C6D6): 6 3.66 (t, J = 6.5 Hz, 8 H), 1.55 (s, 18 H), 1.49 (s, 18 H), 1.32
(q, J = 3.2 Hz, 8 H) . 13C{*H} NMR (C6D6): 6 68.75 (s), 53.50 (t, J = 62 Hz), 52.73 (d),
36.70 (d, J = 50 Hz), 30.71 (t, J = 31 Hz), 25.40 (s). 31P{‘H} NMR (C6D6): 5 159.62 (s).
Elemental analysis calculated for C24H52N40 2P2Li2: C, 57.13; H, 10.39; N, 11.11; O, 6.35;
P, 12.28; Li, 2.74. Found: C, 56.90; H, 10.26; N, 11.06.

E. Preparation o f rPBuNPU’BuNLlMg-fTHFL. 3
A 100 mL three-neck flask equipped with a dropping funnel was charged with
0.685g (1.35 mmol), o f [(tBuNP)2(tBuNH)2], 1, 30 mL ofTH F. Exactly 1.40 mL o f 1.0 M
dibutylmagnesium were transferred to the dropping funnel, and then diluted to 20 mL with
hexane. The flask was cooled to 0 °C and the dibutylmagnesium reagent was added
dropwise to the phosphazane solution. After the reaction mixture had warmed to room
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temperature it was heated to reflux in an oil bath for 24h. The solution volume was
reduced to 10 mL and the flask was stored at -18 °C for 7 days. This afforded 0.440 g
(0.855 mmol) o f colorless bar-shaped crystals o f 3. Overall yield: 63 %. Mp: 147 °C. 'H
NMR (C6D6): 6 3.71 (t, J = 6.5 Hz, 8 H), 1.59 (s, 18 H), 1.45 (s, 18 H), 1.32 (q, J = 3.2
Hz, 8 H). 13C{'H} NMR (C6D6): 6 69.1 (s), 52.8 (t, J = 23 Hz), 52.5 (d, J = 37Hz), 36.6
(d, J = 13 Hz), 31.6 (t, J = 8 Hz), 25.2 (s). 31P{'H} NMR (C6D6): 6 119.46 (s). MS (FAB,
MNBA): m/z (%) 57 (87), 58 (38), 63 (40), 77 (19), 89 (19), 90 (16), 91 (13), 102 (27),
103 (22), 107 (18), 108 (29), 119(13), 120 (13), 123 (12), 124 (36), 136 (65), 137 (43),
138 (23), 154 (76), 155 (19), 159 (16), 164 (15), 174 (20), 180 (23), 204 (10), 220 (16),
236 (30), 276 (100), 277 (19), 292 (18), 307 (12), 348 (27), 349 (97), 350 (18), 364 (13),
365 (47), 379 (13), 516 (0.9 M+ + 1). Elemental analysis calculated for C24H52N40 2P2Mg:
C, 55.98; H, 10.10;N, 10.88; P, 12.03; O, 6.21; Mg, 4.72. Found: C, 56.14; H, 10.40; N,
10.92.

F, Preparation o f [(^uNPTCBuNTISn, 4
Exactly 0.743 g (3.9 mmol) o f anhydrous SnCl2 were placed in a 100 mL two-neck
flask assembled with a dropping funnel, and evacuated for lh. After evacuation the
tin(II)chloride was dissolved in 5 mL o f THF, then cooled to 0 °C. Next, 1.974 g (3.9
mmol) o f [(tBuNP)2(tBuNLi-THF)2], 2 were dissolved in 20 mL o f toluene, and added
dropwise. After only a few drops, the reaction mixture turned bright yellow, and a
precipitate (LiCl) formed. The solution was stirred at room temperature for 24 h, then the
solvents were removed in vacuo. Next, the solid was redissolved in 15 mL o f hexane and
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the lithium chloride removed by filtration. The solution was concentrated to dryness
resulting in 1.574 g (3.4 mmol) o f 4, a bright yellow, amorphous solid . Overall yield:
88.45 %. Mp: 86 °C. 'H NMR (C6D6): 6 1.43 (s, 18H), 1.39 (s, 18H). 13C{'H} NMR
(C6D6): 6 54.16 (d, J = 15 Hz), 53.74 (t, J = 38 Hz), 34.68 (d, J = 38 Hz), 28.04 (t, J =
27 Hz). 31P{'H} NMR (C6D6): 6 196.65 (s). Elemental analysis calculated for
C16H36N4P2Sn: C, 41.32; H, 7.80; N, 12.05; P, 13.32; Sn, 25.52. Found: C, 42.35; H,
7.96; N, 11.64.

G. Preparation o f ffBuNPY/BuNLISnCU. 5
A 100 mL two-neck flask equipped with a dropping funnel, and one gas inlet was
charged with 0.378 g (0.813 mmol) o f [(tBuNP)2(‘BuN)2]Sn, 4 and 15 mL o f toluene.
Exactly 4.8 mL (0.813 mmol) of SnCl4 stock solution (1.7 x 10'4M in toluene) was
transferred to the dropping funnel and further diluted with 10 mL o f toluene, then added
slowly at 0 °C. A white precipitate formed almost immediately. After addition o f SnCl4
the reaction mixture was allowed to reach room temperature and stirred for 6 h, then
filtered and concentrated to a volume o f 10 mL, and cooled to -18 °C. After 24 h
[(tBuNP)2(tBuN)2]SnCl2, 5 crystallized as white, rhombic, thin plates. The combination of
two fractions yielded 0.298 g (0.528 mmol). Overall yield: 65 %. Mp: 148-150 °C. 'H
NMR (C6D6): 5 1.47 (d, J = 1.4 Hz, 18H), 1.33 (s, 18H). 13C{'H} NMR (C6D6): 6 59.10
(d, J = 38 Hz), 54.60 (t, J = 41 Hz), 34.45 (d, J = 43 Hz) , 30.45 (t, J = 27 Hz). 31P{1H}
NMR (C6D6): 6 119.11 (s). MS (El, 70 eV): m/z (%) 57 (100), 58 (17.7), 103 (8.0), 146
(10.2), 163 (12.2), 219 (12.9), 252 (11.3), 275 (25.3), 311 (8.7), 331 (28.7), 382 (8.3),
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384 (13.1), 517 (17.3), 518 (12.3), 519 (38.7), 520 (23.3), 521(58.7), 522 (32.0),
524(14.7), 536 (6.7) = M \ The molecular ion peak was calculated using the more
abundant isotopes, 35C1 and 12()Sn. Elemental analysis calculated for C 16H36N4P2Cl2Sn: C,
35.85; H, 6.77; N, 10.45; P, 11.56; Sn, 22.15; Cl, 13.23. Found: C, 35.69; H, 6.80; N,
9.98.

H, Preparation rLBuNPLLBuNLSnOL. 6
In a two-neck 100 mL flask equipped with a magnetic stirring bar, 0.426 g (0.916
mmol) o f [(‘BuNP)2(‘BuN)2]Sn, 4 were dissolved in 50 mL o f toluene. An excess amount
o f 0 2 gas was inserted directly into the solution from an oxygen tank attached to a tube,
and a disposable pipet. The color of the solution turned from yellow to clear right away.
The solution was stirred for 6 h, then concentrated to a smaller volume, and cooled to -18
°C. Exactly 0.444 g small, colorless needle-shaped crystals o f [(tBuNP)2(tBuN)2Sn 0 ] 2, 6
formed after 24 h. Yield: 92 %. Mp: 254-256.

NMR (C6D6): 6 2.10 (s, 3 H), 1.66 (s,

36 H) 1.51 (s, 36 H). 13C{‘H} NMR (C6D6): 6, 55.39 (t, J = 30 Hz), 54.60 (d, J = 31 Hz),
35.15 (t, J = 22 Hz), 30.23 (m). 31P {'H } NMR (C6D6): 6 151.44 (s). Elemental analysis
calculated for C39H 80N8P4O2Sn2: C, 44.42; H, 7.65; N, 10.63; P, 11.75; O, 3.04; Sn,
22.52. Found: C, 44.27; H, 7.41; N, 10.46.I.

I. Preparation rrBuNPLLBuNLSnSL, 7

Exactly 0.524 g (1.13 mmol) o f 4, 0.036 g (0.14 mmol) o f elemental sulfur, and
100 mL o f toluene were transferred to a two-neck 250 mL flask. The reaction vessel was
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then heated to 80 °C for 48 h. After the solution was allowed to reach room temperature
the mixture was concentrated to 50 mL and cooled to -18 °C. Extremely insoluble, thin,
yellow crystals of [(tBuNP)2(tBuN)2SnS]2, 7 are formed after 6 h o f cooling, which
yielded 0.54 g (0.497 mmol) o f 7. Overall yield: 88 %. Mp: 238 °C. 'H NMR (C6D6): 6
2.10 (s, 3 H), 1.62 (s, 36 H) 1.33 (s, 36 H). 13C{'H} NMR (C6D6): 54.98 (m), 53.45 (m),
33.31 (m), 29.67 (m). 3IP{'H} NMR (C6D6): 5, 91.23(s). Elemental analysis calculated
(found) for C39H 80N8P4S2Sn2: C, 43.11; H, 7.42; N, 10.31; P, 11.40; S, 5.90; Sn, 21.85.
Found: C, 43.29; H, 7.21; N, 10.16.

J. Preparation o f IY1BuNPV,('tBuNf,SnS1E. 8
Exactly 0.753 g (1.62 mmol) o f 4, 0.104 g (0.40 mmol) o f elemental sulfur, and
100 mL o f toluene were transferred to a two-neck 250 mL flask. The reaction vessel was
then heated to 80 °C for 48 h. Initially, a bright yellow solution resulted from the starting
material, 4 which faded after a few hours and finally turned to a darker orange solution.
After the solution was allowed to reach room temperature the mixture was concentrated
to 50 mL and cooled to -18 °C. Extremely insoluble, small, yellow crystals of
[(‘B u N P ^ ^ u N ^ S n S J j, 8 formed after 6 h o f cooling which yielded 0.67 g (0.63 mmol).
Overall yield: 78 %. Mp: 236-238 °C. ]H NMR (C6D6): 6 1.64 (s, 9 H), 1.62 (s, 27 H),
1.40 (s, 9 H ), 1.32 (s, 54 H), 1.16 (s, 18 H). I3C (‘H} NMR (C6D6): 6 35.16 (m), 34.75
(m), 30.24 (m). 31P{’H} NMR (C6D6): 6 92.72 (d, J = 81 Hz), 62.25 (d, J = 38 Hz) .
Elemental analysis calculated (found) for C32H72N 8P4S4Sn2: C, 36.31; H, 6.86; N, 10.59;
P, 11.70; S, 12.12; Sn, 22.43. Found: C, 36.32; H, 6.85; N, 10.41.
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K. Preparation o f IYtBuNP~K(tBuNY,SnSeL. 9
Exactly 0.392 g (0.84 mmol) o f 4 , 0.0663 g (0.84 mmol) o f elemental selenium,
and 100 mL of toluene were transferred to a two-neck 250 mL flask. The reaction vessel
was then heated to 80 °C for 48 h. After the solution had been allowed to reach room
temperature, the mixture was concentrated to 50 mL and cooled to -18 °C. Extremely
insoluble, tiny, dark-orange crystals o f [(‘BuNP)2(‘BuN)2SnSe]2, 9 are formed after 6 h of
cooling which produced 0.407 g (0.344 mmol) o f 9. Overall yield: 82 %. Mp: 236-238
°C

'H NMR (C6D6): 6 2.10 (s, 3 H), 1.65 (s, 36 H) 1.2 (s, 18 H), 1.08 (s, 18 H).

“ C ^H } NMR (C6D6): 6 32.50 (d, J = 26 Hz), 31.73 (t, J = 17 Hz), 31.06 (t, J = 20 Hz).
mP{'H}

NMR (C6D5): 6 81.62 (s). Elemental analysis calculated for C39Hg0N8P4Se2Sn2: C,

39.69; H, 6.83; N, 9.49; P, 10.50; Se, 13.38; Sn, 20.11. Found: C, 39.84; H, 6.81; N,
9.19.

Ill RESULTS AND DISCUSSION

A. Spectral Analysis of [(‘BuNPLflSuNHLl. (CPT)
The synthesis o f previously reported cyclodiphosphazane2,55,57 1 (CPT) has been
improved to the point where isolation of the product is possible after twelve hours, instead
o f four days. One molar equivalent o f phosphorus trichloride (PC13) is added to five molar
equivalents of fer/-butylamine according to Scheme 2. A three hour reflux in hexane,
followed by filtration o f ammonium chloride yields the heterocycle in at least 80% yield.

2 PC13 + 10 H ^ B u -► [(tBuNP)2(tBuNH)2] + 6 (H3NtBu)Cl

Scheme 2. Preparation o f cyclodiphosphazane, 1.

A mechanism for this reaction can be proposed as follows (Scheme 3). tertButylamine attacks phosphorus trichloride to form a phosphorus nitrogen bond. During
this process hydrochloric acid is formed which will immediately react with the excess
amine to form terZ-butylammonium chloride. The reaction proceeds by formation o f a
second phosphorus nitrogen bond o f the phosphazane intermediate Cl2PNH'Bu and tertbutylamine. Once again HC1 is formed which will be trapped by excess amine. Two of
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these tBuN=PNHtBu intermediates will then dimerize to form [t(BuNP)2(tBuNH)2], 1 and
two equivalents o f HC1.
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Scheme 3. Mechanism for the formation o f [l(BuNP)2(‘BuNH)2], 1.

Any hydrocarbon should be a useable solvent for the reaction, but toluene is most
suitable and provides a higher yield; perhaps because CPT is more soluble in toluene than
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hexane. After concentration and cooling o f the solution, the product crystallizes as white
needles and can be kept in air for an indefinite period of time.

B, Spectral Analysis of r(tBuNPW*BuNHY,l
The proton NMR spectrum o f 1 shows two singlets at 81.45 and 1.23,
corresponding to the fert-butylamino and tert-butylimino groups respectively. Because the
molecule possesses C2v symmetry, all eighteen hydrogens o f the fe/7-butylamino groups
are equivalent, as are the hydrogen atoms of the tert-butylimino groups. The protondecoupled carbon NMR spectrum shows two doublets and two triplets. The coupling is
due to the proximity o f the phosphorus atoms so that all tert-butyl carbons on the imino
groups are split by two phosphorus atoms (I = 'A), the quaternary carbon at 8 52.64, and
the methyl carbons at 8 31.89. The tert-butyl carbons on the amino groups are split by one
phosphorus atom to give doublets. The shifts for the fe/t-butylamino carbons are 8 51.64
for the quaternary, and 8 33.27 for the methyl carbons. There are two chemically
equivalent phosphorus atoms that give a singlet at 88.5 ppm in the 31P NMR spectrum.
Mass spectrometry data can be easily interpreted; the molecular ion peak at 348
amu has a relatively low abundance o f 24.7% as expected for electron impact mass
spectrometry (MS-EI), a technique that causes high fragmentation. The base peak with
276 amu is due to loss o f one fert-butylamino group (Figure 8a), and the loss o f the
second terAbutylamino group to form a fragment with 204 amu is also detected, but it has
a considerably lower abundance o f only 8.8 % (Figure 8b). One o f the more abundant
fragments has a molecular weight o f 57 amu, and is assigned to the /<?r/-butyl groups.
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a. 276 amu

B. 204 amu

Figure 8. Two major fragments o f 1 by MS (El, 70 eV).

C. The X-Ray Structure o f r(tBuNP)-,(tBuNH)-,l
For single-crystal X-ray diffraction studies o f 1, a colorless, needle-shaped crystal
o f approximate dimensions 0.1 x 0.1 x 0.4 mm was attached to a glass capillary with
silicone grease. Reflection intensities were collected with a Siemens SMART CCD
(charged-coupled device) diffractometer equipped with an LT-2 low temperature
apparatus operating at 193 K. Data were measured using oo scans o f 0.3 ° per frame for 30
seconds until a complete hemisphere had been collected. A total o f 6200 reflections in
1271 frames were collected with a final resolution o f 0.75 A. Cell parameters were
retrieved using SMART58 software and refined with SAINT on all observed reflections.
Data reduction was performed with SAINT software,59 which corrects for Lp and decay.
The structure crystallizes in the space group P2/c with unit cell dimensions a =
9.600(4) A, b = 5.904(4) A, c = 18.97(1) A, /?= 101.09(3)°, Z = 2. The central four
membered (N-P)2 ring assumes the shape o f a parallelogram that is just slightly bent out of
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plane with N-N, and P-P distances o f 2.24 and 2.60 A respectively. This out o f plane
bending can be seen when examining the packing diagram in Figure 10. For a more
detailed drawing of 1 consult the diagram in Figure 9. Another noteworthy structural
feature is the geometry o f the imido nitrogens o f the ring because they are almost planar.
If one o f the nitrogens is oriented in the center o f a circle, and two o f the three bonds are
arranged to be in the plane o f the circle, the third bond is bent out o f the plane by only
12.27°. All important bond angles and distances o f 1 are summarized in Tables 1 and 2.

Table 1. Selected Bond Lengths for 1.
Bond Type

Bond Lengths (A)

P(l)-N (2)
P O )-N (l)
P (l)-N (l A)
P(1)-P(1A)
N (l)-C (l)
N (l)-C (5)

1.664(2)
1.721(2)
1.730(2)
2.600(2)
1.485(3)
1.470(3)

Table 2. Selected Bond Angles for 1.
Bond Type

Bond Angle (°)

N (2)-P(l)-N (l)
N (2)-P(l)-N (l A)
N (l)-P (l)-N (l A)
N (2)-P(l)-P(l A)
C (l)-N (l)-P (l A)
C (l)-N (l)-N (l A)
P (l)-N (l)-P (l A)
C(5)-N(2)-P(l)

104.69(11)
105.03(11)
80.88(11)
117.67(8)
124.8(2)
125.1(2)
97.83(11)
130.2(2)
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C(6A)

Figure 9. ORTEP drawing of 1, the 50% probability thermal ellipsoids are shown.
Hydrogens are omitted for clarity.
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Figure 10. Packing diagram of 1.
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D. Discussion o f the Spectral Analysis and the Synthesis o f RTluNPT,(‘BuNLi»TF[FT1, 2
In order to utilize CPT as a chelating amido ligand, one has to produce the dianion
[(tBuNP)2(‘BuN)2]2' first; this can be accomplished by addition o f a strong base. This
ligand can be deprotonated by treatment o f CPT with two equivalents o f w-butyllithium in
THF, according to Scheme 4.

Reflux, THF
[(tBuNP)2(tBuNH)2] + 2 nBuLi
-► [(tBuNP)2(tBuNLi • THF)2]
-2 nBuH

Scheme 4. Lithiation of CPT to produce THF adduct 2.

Metallation was done in THF or other ethereal solvents in order to enhance the
basicity o f H-butyllithium. The product, 2 contains two lithium atoms that seek electrical
saturation intramolecularly and intermolecularly. Each lithium atom coordinates two
nitrogen atoms and one THF molecule and thus achieves an electron octet..
After dropwise addition of «-butyllithium to CPT in THF, the mixture is refluxed
for 3 hours to afford 2 in 70 - 85 % yield. Speculations have been made that lithiation in
hexane or toluene should also be possible after prolonged reflux, but all attempts in our
laboratories have failed. Since we use 2 as a reactant for trans-metallation, and the THF
adduct is used for the synthesis of most main group and transition metal amides, little
effort has been made to isolate a non solvent-coordinated form o f the lithium amide, 2.
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The 'H NMR spectrum of lithium salt 2 shows two singlets at 8 1.55 and 1.49
corresponding to the amido and imido tert-butyl groups, similar to compound 1. This is to
be expected because 2 possesses approximate C2v symmetry. In addition, a triplet at 8 3.66
and a quintet at 1.32 are observed for the THF protons. The THF molecule contains eight
protons in two different chemical environments, o f which four are located next to a
deshielding oxygen which causes a downfield shift. The triplet at 8 3.66 corresponds to
those deshielded protons and the splitting by two protons confirms this assignment. The
other four protons are split by four neighboring hydrogens to produce the quintet at 8
1.32 which is considerably further upfield because the deshielding effect o f the oxygen is
almost nonexisting. Both THF molecules within the adduct are separated by a mirror plane
so that integration o f all protons gives a 4:9:9:4 ratio from high to low shifts respectively.
The 13C{H}-NMR spectrum displays the same group o f peaks as the proton
spectrum, with the exception o f a triplet and a doublet at 8 53.50 and 52.73 respectively
which are due to quaternary carbons. Phosphorus splitting patterns for amido and imido
carbon signals are similar to those found for 1. The THF carbons are unaffected by
phosphorus splitting and give singlets at 8 68.75 and 25.40. Once again, the difference in
shifts for the carbon atoms is due to the deshielding by the oxygen atom. The two
chemically equivalent phosphorus atoms display a singlet at 8 159.62; this is the only
signal in the 31P-NMR spectrum. It is noteworthy, that the cubic structure o f 2 and
the proximity o f lithium atoms shifts the phosphorus singlet downfield by about 70 ppm,
however, this is not atypical for P(III) shifts.
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E. X-Ray Structure o f rCBuNPyT'BuNLi • THFT1, 2
Hardware configuration, data collection parameters, refinement procedure, and
software used were identical to those used for 1 (see page 24). A total o f 14041 reflection
o

intensities in 1271 frames were collected at 233 K with a final resolution o f 0.75 A. The
structure was solved by direct methods in the unambiguous space group P 2 /c with unit
cell dimensions a = 10.691(1) A, b = 15.827(2) A, c = 19.424(4) A, /? = 105.617(7)°, and
Z = 4. The single-crystal analysis on 2 showed it to be an inorganic heterocube of
approximate C2v symmetry. This molecular complex is composed o f alternating nitrogen,
phosphorus, and lithium atoms that are surrounded by a shell o f organic groups. Within
the cube all but the phosphorus atoms are four-coordinate, and all atoms achieve the
electron octet through formation of covalent bonds, donor bonds, or lone pairs. The most
important bond distances and bond angles of 3 are summarized in Tables 3 and 4.

Table 3. Selected Bond Lengths for 2
Type

Lengths (A)

Type

Lengths (A)

P(l)-N (4)
P (l)-N (l)
P(2)-N(2)
Li( 1)-0 ( 1)
Li(l)-N (3)
Li(2)-0(2)
Li(2)-N(3)

1.654(2)
1.785(2)
1.772(2)
1.959(5)
2.094(5)
1.955(5)
2.081(5)

P(l)-N (2)
P(2)-N(3)
P(2)-N (l)
Li(l)-N(4)
L i(l)-N (l)
Li(2)-N(4)
Li(2)-N(2)

1.772(2)
1.647(2)
1.783(2)
2.090(5)
2.104(5)
2.077(5)
2.121(5)
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Table 4. Selected Bond Angles for 2
Bond Type

Bond Angles (°)

Bond Type

Bond Angles (°)

N(4)-P(l)-N (2)
N (2)-P (l)-N (l)
N (3)-P(2)-N (l)
N(4)-Li(l)-N(3)
(N 3)-Li(l)-N (l)
N(4)-Li(2)-N(2)
P(2)-N (l)-P(l)
P(2)-N (l)-Li(l)
P(2)-N (2)-P(l)
P(2)-N(3)-Li(2)
P(2)-N(3)-Li(l)
P(l)-N (4)-Li(l)

98.67(11)
82.82(10
100.23(11)
99.6(2)
77.7(2)
76.5(2)
96.50(10)
88 . 8( 2 )
97.38(10)
94.9(2)
93.0(2)
92.8(2)

N(4)P(1)-N(1)
N(3)-P(2)-N(2)
N(2)-P(2)-N (l)
N (4)-L i(l)-N (l)
N(4)-Li(2)-N(3)
N(3)-Li(2)-N(2)
P (l)-N (l)-L i(l)
P(l)-N(2)-Li(2)
P(2)-N(2)-Li(2)
Li(2)-N(3)-Li(l)
P(l)-N(4)-Li(2)
Li(2)-N(4)-Li(l)

100.33(11)
98.65(10)
82.86(10)
78.1(2)
100.4(2)
76.2(2)
88 . 6 ( 2 )
89.8(2)
89.92(14)
75.5(2)
94.7(2)
75.7(2)

The heterocube is made up o f six faces, (P-N )2, (Li-N )2, and four N -L i-N -P rings
of which all but the (Li-N )2 ring are planar. The (P-N )2 ring is connected to the larger
(Li-N )2 ring which makes the cube appear trapezoidal. Because the four alternating N-Li
and P-N connections are quite different in size, the trapezoidal box has a diagonal crease
across the lithium atoms.
Although the exocyclic P-N bonds are similar to those in the CPT molecule, the
endocyclic bonds are slightly longer due to the steric congestion. Four crystallographically
distinct, but equidistant, Li-N bonds form the distorted (Li-N )2 ring whose bonds range
from 2.077(5) - 2.094(5) A. These lengths are comparable to those for other lithium
amides,42 but they are shorter than the Li-N donor bonds, 2.104(5) and 2.121(5) A. The
considerable ring distortion, angle sum = 351.2°, is in contrast to the perfectly planar
(P-N )2 ring, angle sum = 359.6°, and is due to the presence o f the large lithium atoms.
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C(16)
C(2)

C(18)

C(19)
C(7)

C(22)

C(23)

Figure 11. Perspective view o f dilithio heterocube, 2. The 50% probability ellipsoids are
shown
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F. Discussion o f the Spectral Analysis and Synthesis o f f(tBuNPWtBuN^lMg«(THF')-,. 3
Metallation o f CPT can also be achieved by treating 1 with other strong bases like
dibutylmagnesium, (nBu)2Mg. The reactants were added in a 1:1 stoichiometric ratio, then
heated to reflux as shown in Scheme 5. Butane gas was liberated as the reaction
proceeded, and this was used to monitor the progress o f the reaction; the reaction was
considered complete when the generation o f gas bubbles had ceased. Unlike dilithiation,
where the product was recovered after 3 hours o f reflux, spectroscopically and analytically
pure magnesium amide was only obtained after prolonged reflux for at least 24 hours.

R eflu x

[(tBuNP)2(tBuNH)2] + (nBu)2Mg

-> [(tBuNP)2(tBuN)2]Mg«(THF)2
- 2 nBuH

Scheme 5. Formation o f magnesium salt, 3.

An ethereal solvent was chosen for the reaction in order to increase the basicity of
dibutylmagnesium. One common coordination number for magnesium is five which is
achieved in 3. In addition to the a-bonded amido nitrogens one imido nitrogen provides a
lone pair o f electrons for dative bonding to the metal the same way the imido nitrogens
provided electrons intramolecularly in 2. Although this exhausts the intramolecular
alternatives for electrical saturation, magnesium can bind to solvent molecules that serve
as Lewis-base donors. In order for Mg to be five-coordinate two solvent molecules need
to be employed which is the case for 3 that crystallizes as a bis(THF) adduct (Figure 13).

34
This highly crystalline, and air sensitive magnesium salt is also a convenient starting
material for trans-metalation. However, 2 is more easily prepared and therefore used
exclusively for trans-metallation o f main group and transition metal compounds.
The ’H NMR spectrum shows two broad multiplets at 6 3.72 and 1.37 for the
coordinated, chemically equivalent THF molecules, and two sharp singlets with equal
integral regions for the fer/-butyl groups. The molecule possesses Cs symmetry in the solid
state which makes the fc/7-butylimido groups inequivalent so that three signals with 2:1:1
integral regions should be observed. The observed spectrum indicates a dynamic process
in solution where the dative imido bond switches from one imido nitrogen to the other at a
rate faster than the NMR time scale. Figure 12 shows the dynamic process that makes the

tert-butyl amidio groups equivalent on the NMR time scale; the THF molecules are
omitted for clarity.

Figure 12. Molecular Dynamics of 3.

The molecular motion in solution explains the broadening o f the peaks
corresponding to the THF molecules that must undergo a similar dynamic process. 31P
NMR analysis showed a singlet at 6 119.46 for the two chemically equivalent phosphorus
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atoms. The molecular weight, 514.95 amu was confirmed by mass spectrometry for 3
which gave an M+ peak o f 0.9 % abundance.

G. X-Ray Structure o f r(tBuNPWlBuNT1Mg*(THF')->
A colorless crystal o f approximate dimensions 0.05 x 0.15 x 0.25 mm was attached
to the inside o f a thin-walled, nitrogen-filled glass capillary and transferred to the
diffractometer. Hardware configuration, data collection parameters, and software
programs were identical to those used for 1 and 2 (see page 24). A total o f 12015
o

reflections were collected at 213 K, with a final resolution o f 0.75 A. The compound
crystallizes in the unambiguous space group P 2 /n with unit cell parameters a =
10.6272(4) k , b = 17.6643(7) A, c = 16.3625(6) A, /?= 90.47(3)°, and Z = 4.
Figure 13 shows a perspective ORTEP drawing o f the almost Q-symmetric 3 that
emphasizes the coordination geometry about the magnesium atom. Selected bond lengths
and bond angles are summarized in Tables 5 and 6. This complex is related to 2 by the
formal replacement o f two lithium atoms by one magnesium atom and approximates a
seco-heterocube, that is, a heterocube with a missing corner. As the result o f its location in
the cube, the magnesium atom has a highly distorted trigonal bipyramidal environment,
being coordinated by three cyclodiphosphazane nitrogen atoms and two THF atoms.
While the metal-nitrogen bonds to the perfectly trigonal planar N(3) and N(4) are identical
and o f normal lengths,60 2.059(4) and 2.061(4) A, the N (l)-M g donor bond is
considerably longer, 2.330(4) A. The slightly inequivalent M g -0 bonds, 2.070(4) and
2.095(4) A, enclose an angle o f 91.8(2)°. There is a small, but statistically significant,
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increase in the P -N bond lengths to the four-coordinate nitrogen atom N (l) compared to
the P -N bond lengths to the three-coordinate nitrogen atom N(2). The orientation of the
tetrahydrofuran molecules with respect to the oxygen-metal plane reveals substrate
selectivity, as the THF molecule near the open comer o f the cube is parallel to the
M g - 0 ( l) - 0 ( 2 ) plane, while the second THF molecule is perpendicular to it.

Table 5. Selected Bond Lengths for 3
Type

Lengths (A)

Type

Lengths (A)

Mg-N(3)
M g-O (l)
M g-N (l)
Mg-P(2)
P(l)-N (2)
P(l)-P(2)
P(2)-N(2)

2.059(4)
2.095(4)
2.330(4)
2.817(2)
1.748(4)
2.694(2)
1.760(2)

Mg-N(4)
M g-0(2)
M g-P(l)
P(l)-N (3)
P (l)-N (l)
P(2)-N(4)
P(2)-N (l)

2.059(4)
2.07(4)
2.813(2)
1.654(4)
1.782(4)
1.658(4)
1.778(4)

Table 6. Selected Bond Angles for 3
Bond Type

Bond Angles (°)

Bond Type

Bond Angles (°)

N(3)-Mg-N(4)
N (3)-M g-0(2)
N (3)-M g-0(1)
N (l)-M g-N (4)
0(2)-M g-N (l)
N (l)-P (l)-N (3)
N(2)-P(2)-N(4)
P(l)-N (l)-P (2)
N (l)-P (l)-N (2)

124.6(2)
115.7(2)
101.2(2)
70.77(14)
107.4(2)
96.5(2)
106.1(2)
98.4(2)
80.7(2)

N(4)-M g-0(2)
N(4)-M g-0(1)
0 (l)-M g -0 (2 )
N(l)-M g-N(3)
0(1)-M g-N (l)
N(2)-P(l)-N(3)
N(l)-P(2)-N(4)
P(l)-N(2)-P(2)
N(l)-P(2)-N(2)

113.1(2)
101.8(2)
91.8(2)
71.1(2)
160.8(2)
105.6(2)
95.8(2)
100.3(2)
80.4(2)
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Figure 13. Perspective view o f the seco-heterocubic magnesium complex 3, showing the
50 % thermal ellipsoid of the non-hydrogen atoms. For clarity, the tert-butyl groups on the
imido nitrogens have been omitted.
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H. Discussion o f the Spectral Analysis and the Synthesis o f [YtBuNPW 1BuNTlSn. 4
Cyclodiphosphazane chelation o f metals can be achieved by treating 2 with
appropriate metal halide. Scheme 6 shows the trans-metallation o f 2 with tin(II)chloride to
afford the bidentate tin-amido complex, [(tBuNP)2(tBuN)2]Sn, 4. The reactants were
suspended and then combined with stirring. A bright yellow color appeared
instantaneously, followed by formation of a precipitate (LiCl). The precipitate was filtered
off, and the solution was concentrated to induce crystallization. All attempts to crystallize
4 from hexane, toluene, or tetrahydrofuran failed, but analytically pure product was
obtained by complete removal o f the solvent. The bright yellow solid is extremely soluble
in hydrocarbons and ethereal solvents.

[(tBuNP)2(tBuNLi • THF)2] + SnCl2 -► [(tBuNP)2(tBuN)2]Sn + 2 LiCl

Scheme 6. Formation o f the Sn(II) amide, 4.

The ‘H NMR spectrum o f 4 shows two singlets at 6 1.43 and 1.39, corresponding
to the ter/-butylamido and te/7-butylimido groups respectively. There are two doublets and
two triplets in the I3C NMR spectrum. The doublets are associated with the amido groups
which couple to one phosphorus atom, and the imido carbons appear as triplets because
they are coupled to both phosphorus atoms. The quaternary carbon signals are at 6 54.16
and 53.74, and the methyl signals are at 6 34.68 and 28.04. One singlet was observed at 6
196.65 in the 31P NMR spectrum.
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The NMR data supports the conclusion that the molecule possesses C2v symmetry
as shown in Figure 14. There are two donor sites available through the imido nitrogens
which allows tin to bond intramolecularly to a nitrogen atom.

Figure 14. Molecular structure of 4, showing the

symmetry.

Other tin(II) amides, like Veith’s [ M e ^ i ^ u N ^ S n 22,23 discussed in the
introduction (Figure 5), are known to be three-coordinate either through intramolecular
donor bonding or dimerization.22 This suggests that 4, in the solid state, resembles a secoheterocube similar to 3 where the tin atom is three-coordinate. It is likely that dative
bonding exists in order to provide tin with an electron octet. An ab initio calculation for 4,
performed on a PC-Spartan program, suggested a nitrogen donor bond length o f 2.3 A.
In any case, the NMR data could be explained by molecular dynamics in solution,
although, because o f the lack o f data, this is speculation at this point.I.

I. Discussion o f the Spectral Analysis and the Synthesis o f [(‘BuNPCrBuNTISnCf,. 5
If 4 is treated with tetrachlorostannane, SnCl4, the tin(IV) cyclodiphosphazane
[(tBuNP)2(‘BuN)2]SnCl2, 5 is formed according to Scheme 7. Two mechanisms can be

40
proposed, a simple metal displacement or a redox reaction where SnCl4 is reduced to the
dichloride and the CDP Sn(II) complex is oxidized to the Sn(IV) complex 5. We have
reason to believe that both mechanisms take place simultaneously because o f the product
formation in a similar reaction with GeCl4. There, 4 was treated with GeCl4 to afford a 1:1
mixture of 5 and [(tBuNP)2(tBuN)2]GeCl2, which can be separated by fractional
crystallization.

[(tBuNP)2(tBuN)2] Sn + SnCl4 -> [(tBuNP)2(tBuN)2]SnCl2 + SnCl2

Scheme 7. Formation of 5.

The crystalline 5 is extremely soluble in hydrocarbons and crystallizes best from
hexanes as thin, rhombic, plates. ‘H, 13C, and 31P NMR spectra support a C2v symmetry
showing equal signals for the two te/t-butylamido groups, and the two te/7-butylimido
groups. Identical phosphorus coupling patterns as seen for 1, 2, 3 , and 4 are detected in
the l3C NMR spectrum of 5. Single crystal X-ray data show a tin to imido nitrogen dative
bonding which destroys the mirror plane that makes the /ert-butylimido groups equal. A
similar dynamic process as seen for the Mg and Sn(II) complexes is responsible for the
appearance o f the NMR spectra.
Mass spectrometry data confirm the chemical composition especially when
considering the isotopes o f tin and chlorine. Seven isotope, (amu)Sn (% abundance): 116Sn
(14.53), 117Sn (7.68), 118Sn (24.22), n9Sn (8.58), 120Sn (32.59), 122Sn (4.63), and 124Sn
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(5.79) are responsible for 98.02 % of the tin isotopes, and have been taken into account
for the mass spectrometric analysis summarized in Table 7. The dianion o f CPT,
[(tBuNP)2(‘BuN)2]2' was identified as the base mass (346), then tin isotopes were added
and the known Cl2 splitting pattern was expected to give three peaks to each tin isotope,
M = 56.95 %, M + 2 = 37.19 %, M + 4 = 5.87 %. For example, I20Sn: 346 + 120 splits
into + 70 = 536, + 72 = 538 and +74 = 540. The intensities were calculated by taking the
abundance o f the tin isotopes and dividing them into three parts. Continuing the same
example, the intensities for I20Sn are: (536) = 32.59 x 0.5695 = 18,56. (538) = 32.59 x
0.3719 = 12.12. and (540) = 32.59 x 0.0587 = 1,91. After all seven isotopes were
calculated, eleven possible molecular ion peaks resulted o f which ten are tabulated below,
and compared to the intensities found in the mass spectrum in Figure 15.

Table 7. Mass Spectrometric Isotope Intensities Calculated and Found for 5.
m/z

532

539

540

542

28.89 3.77

16.66 0.55

7.18

2.52

10.42 24.38 9.02

15.12 3.35

6.13

1.92

533

534

% Calculated 8.33

4.44

19.45 7.86

% Found

5.49

16.09

7.58

535

536

537

538

The intensities calculated compare reasonably well with those found for 5.
Discrepancies may be due to neglect o f all other isotopes and computer integrations.
Other noteworthy peaks detected are 521 (58.7), and 275 (25.3). Peak 521 is due to the
loss o f CH3 for the most abundant isotopes (120Sn and 35C1). The same isotope pattern is
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detected for the eleven peaks expected for M - 15. The peak at 275 is due to a CDP
dianion minus one fe/7-butylamido group, as was the case for the MS o f 1.
A bundance

Figure 15. Mass spectrum for 5 obtained on a GC-MS (El, 70 eV)
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J. X-Rav Structure o f rf'BuNPU'BuNTlSnCU. 5
For single crystal X-ray diffraction studies o f 5, a rhombic crystal o f approximate
dimensions 0.05 x 0.15 x 0.18 mm was attached to a glass capillary with silicone grease. A
total of 12796 reflection intensities in 1271 frames were collected at 213 K with a final
resolution o f 0.75 A. The structure crystallizes in the orthorhombic space group P2,2,2,
with unit cell dimensions a = 9.901(2) A, b = 15.241(2) A, c = 16.26(2) A, and Z = 4.
The ORTEP drawing in Figure 16 shows the perfectly (^-symmetric 5, which
resembles a seco-heterocube. Tin is five-coordinate with an approximate trigonal
bipyramidal geometry where the N (2)-Sn-Cl(2) axis deviates by 19.52° from linearity.
Furthermore, the trigonal base with Sn at the center and bonds to N(4), C l(l), and N(3)
forming the base varies slightly from planarity with the angle sum being 345.37°. While
the tin-nitrogen o-bonded distances are normal, 2.044(5) A, and 2.055(5) A, the imido
nitrogen metal donor bond is longer, 2.453(4) A causing distortions. The chlorine atoms,
together with the tin and imido nitrogen atoms lie on the noncrystallographic mirror plane
o f the molecule.
The seco-heterocube is made up o f seven atoms that form three four-membered
rings, (P-N )2, and two N -S n -N -P rings. The (P-N )2 ring is planar, but the other two
rings are distorted, angle sum = 350.4°. This is due to the large Sn atom that is lifted up
from its corner because of the elongated Sn-N dative bond. All four endocyclic P-N
bonds, 1.721 - 1.778 A are longer than the exocyclic N -P bonds, 1.686 A and 1.693 A,
but similar to those in 3. Selected bond distances and bond angles are summarized in
Tables 8, and 9.
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Table 8. Selected Bond Lengths for 5.
o

Type

Lengths (A)

Sn(l)-N (4)
Sn(l)-C l(l)
Sn(l)-N (2)
S n(l)-P (l)
P (l)-N (l)
P(l)-P(2)
P(2)-N (l)
N (l)-C (l)
N(3)-C(9)

2.044(5)
2.335(2)
2.453(4)
2.951(2)
1.722(5)
2.676(2)
1.721(5)
1.474(8)
1.505(7)

Type

Lengths (A)
Sn(l)-N(3)
Sn(l)-Cl(2)
Sn(l)-P(2)
P(l)-N (3)
P(l)-N (2)
P(2)-N(4)
P(2)-N(2)
N(2)-C(5)
N(4)-C(13)

2.055(5)
2.358(2)
2.945(2)
1.686(5)
1.778(4)
1.693(5)
1.768(5)
1.509(7)
1.489(7)

Table 9. Selected Bond Angles for 5.
Bond Type

Bond Angles (°)

Bond Type

Bond Angles (°)

N(4)-Sn(l)-N(3)
N (3)-Sn(l)-C l(l)
N(3)-Sn(l)-Cl(2)
N(4)-Sn(l)-N(2)
C l(l)-Sn(l)-N (2)
N (4)-Sn(l)-P(2)
C l(l)-Sn(l)-P(2)
N (2)-Sn(l)-P(2)
N (3)-Sn(l)-P(l)
C l(2)-Sn(l)-P(l)
P(2)-Sn(l)-P(l)
N (3)-P(l)-N (2)
N (3)-P(l)-P(2)
N (2)-P(l)-P(2)
N (l)-P (l)-S n (l)
P(2)-P(l)-S n(l)
N(4)-P(2)-N(2)
N (4)-P(2)-P(l)
N (2)-P(2)-P(l)
N (l)-P(2)-Sn(l)
P(l)-P (2)-S n(l)
P(2)-N(2)-Sn(l)
P(l)-N (3)-Sn(l)

119.0(2)
113.1(2)
104.17(14)
67.0(2)
101.28(11)
33.97(13)
122.93(6)
36.82(11)
33.71(13)
127.35(7)
53.97(4)
92.9(2)
104.7(2)
40.9(2)
77.9(2)
62.91(5)
92.8(2)
104.7(2)
41.14(14)
78.1(2)
63.12(5)
86.9(9)
103.7(2)

N (4)-Sn(l)-C l(l)
N(4)-Sn(l)-Cl(2)
C l(l)-Sn(l)-CI(2)
N(3)-Sn(l)-N(2)
Cl(2)-Sn(l)-N(2)
N (3)-Sn(l)-P(2)
Cl(2)-Sn(l)-P(2)
N (4)-Sn(l)-P(l)
C l(-Sn(l)-P(l)
N (2)-Sn(l)-P(l)
N (3)-P(l)-N (l)
N (l)-P(l)-N (2)
N (l)-P (l)-P (2)
N (3)-P(l)-Sn(l)
N (2)-P(l)-Sn(l)
N (4)-P(2)-N (l)
N (l)-P(2)-N (2)
N (l)-P (2)-P (l)
N (4)-P(2)-Sn(l)
N (2)-P(2)-Sn(l)
P (2)-N (l)-P(l)
P(l)-N (2)-Sn(l)
P(2)-N(4)-Sn(l)

113.27(14)
105.0(2)
99.23(8)
67.0(2)
159.48(12)
87.08(13)
127.99(8)
87.37(13)
122.72(6)
36.98(10)
105.3(3)
79.7(2)
39.0(2)
42.6(2)
56.1(2)
105.5(2)
80.0(2)
39.0(2)
42.4(2)
56.3(2)
102.0(3)
86.9(2)
103.6(2)

4^
L/\

C11

Figure 16. ORTEP drawing of 5, showing 50 % probability ellipsoids. The tart-butyl groups on the imido nitrogen have been omitted.
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K. Discussion o f the Spectral Analysis and the Synthesis o f |YtBuNPy,('1BuNy,SnQl-,. 6
Complex 4 has three oxidizable atoms, two phosphorus(III) atoms and one tin(II)
atom. When 4 is treated with excess oxygen gas, tin is oxidized to afford the intermediate
(tBuNP)2(tBuN)2Sn=0. The phosphorus atoms are unaffected by the excess oxygen so that
only tin(II) is oxidized to tin(IV). The tin oxide then dimerizes through the formation of
O—>Sn bonds. Scheme 8 shows the reaction with the actual stoichiometric ratio.

2 [(tBuNP)2(tBuN)2]Sn + 2E -> [(tBuNP)2(tBuN)2SnE]2

Scheme 8. Formation o f CDP tin dimers (E = O, S, Se).

After dry oxygen gas was introduced directly to a solution o f toluene and 4 , the
intensely yellow color that is characteristic for the tin(II) complex faded immediately, and
a clear solution resulted only seconds later. Then the reaction mixture was stirred for six
hours followed by reduction o f the solution volume in order to induce crystallization. The
dimer was only slightly soluble in toluene, so that large solvent volumes were needed in
order to prevent premature crystallization. For most CDP reactions the solvent to reactant
ratios are about 15 mL o f solvent per mmol o f reactant, but in the case o f the tin dimers
50 mL/mmol or higher were used.
All NMR spectra were obtained with unusually high numbers o f transients, ‘H
NMR (NT = 1280), 13C NMR (NT = 22016), and 31P NMR (NT = 2560) because o f the
low solubility o f 6 in hydrocarbons and their deuterated analogues. The ‘H NMR shows
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two sharp singlets at 6 2.10 and 1.62, one broad singlet at 6 1.51, and some multiplets in
the aromatic region. In addition to the NMR solvent signal in the aromatic region (C6H6, 6
7.15 ppm, singlet) there are multiplets that are due to toluene molecules that crystalized
with 6 as single crystal X-ray diffraction studies have shown. Therefore, the singlet at 6
2 .10 corresponds to the methyl protons o f toluene. The other two singlets are attributable
to the /ert(butylamido) and ter/(butylimido) protons o f which the broader signal represents
the imido protons. The broadening o f the signal is due to molecular dynamics and
indicates that the metal’s movement between the donor nitrogen atoms is slower than in
the other complexes where this phenomenon was observed. In order to observe two
distinct fe/7(butylamido) signals, variable temperature NMR studies can normally be done,
but the low solubility o f 6 made this impossible.

L, X-Ray Structure of r(tBuNPTftBuN)-,SnOT, 6
For single crystal X-ray diffraction studies o f 6, a colorless needle-shaped crystal
o f approximate dimensions 0.05 xO.l x 0.2 mm was attached to a glass capillary with
silicone grease. Hardware configuration, data collection parameters, and software
programs were identical to those used for 1 - 3 , and 5. A total o f 6130 reflection
o

intensities in 1271 frames were collected at 213 K with a final resolution o f 0.75 A. The
o

structure crystallizes in the space group C2/m with unit cell dimensions a = 24.0752(6) A,

b= 11.6275(2) A, c = 9.8462(2) A, P = 112.883(1)°, a n d Z = 2.
Figure 17 shows the C,-symmetric 6 that is made up o f two seco-heterocubes
connected by the perfectly planar center (S n -0 )2 ring, angle sum = 360.00 °. This ring is
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in the mirror plane along with the imido nitrogen atoms and the quaternary carbons that
are attached to the imido nitrogen atoms. The five-coordinate tin atoms possess trigonal
bipyramidal geometry with a linear N (l)-S n (l)-0 (1 ) axis, 179.80°. Perpendicular to the
axis lies the trigonal base with tin at its center, bonded to the second oxygen and two
amido nitrogen atoms that form the triangle’s comers. While the oxygen atom is located in
the triangular plane, the two amido nitrogen atoms lie slightly below the plane so that the
triangle is distorted. Both N -S n -0 angles are 121.37°, but the N -S n-N angle is only
105.67 ° to give an angle sum of 348.41 °. This distortion is due to the difference in bond
lengths between the exocyclic P-N bonds 1.690(2) A, and the N -Sn donor bond
2.327(3) A that originate from the parallel (P-N )2 plane.
The inversion center is located in the middle of the four membered, diamond
shaped (S n -0 )2 ring with its S n -0 distances of 2.014(3) A and 1.997(3) A. The
o

°

nonbonded distances of the diamond O -O , and Sn-Sn are 2.67 A and 2.99(8) A,
respectively. There is also one non-coordinating toluene molecule located perpendicular to
the (S n -0 )2 plane. While all four crystallographically equivalent tin-nitrogen o-bonded
distances are normal, 2.070(2) A, the imido nitrogen metal donor bonds are longer,
o

o

2.327(3) A, which also causes some distortion. The endocyclic N -P bonds, 1.728 A 1.788 A are longer than the exocyclic N -P bonds, 1.690 A, a situation similar to that
observed for other CPT metal complexes like 3, and 5. It is interesting to note that the
P (l)-N (l)-S n (l)-N (3 ) faces of the seco-heterocube are less distorted than in 5; in fact,
they are almost planar, angle sum equal to 357.06 °. For an overview o f selected bond
lengths and bond angles Tables 10, and 11 can be examined.
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Table 10. Selected Bond Lengths for 6
Type

Lengths (A)

Type

Lengths (A)

Sn(l)-0(1A )
Sn(l)-N(3C)
S n(l)-N (l)
S n(l)-P (lC )
P(l)-N (3)
P (l)-N (l)
N(1)-P(1C)

1.997(3)
2.070(2)
2.327(3)
2.9899(8)
1.690(2)
1.788(2)
1.788(2)

Sn(l)-0(1)
Sn(l)-N(3)
S n (l)-P (l)
Sn(l)-Sn(l A)
P(l)-N (2)
P(1)-P(1C)
N(2)-P(1C)

2.014(3)
2.070(2)
2.9899(8)
2.9908(5)
1.728(2)
2.630(2)
1.728(2)

Table 11. Selected Bond Angles for 6
Bond Type

Bond Angles (°)

Bond Type

Bond Angles (°)

0 (1A )-S n(l)-0(1)
0(l)-S n(l)-N (3C )
0(1)-Sn(l)-N (3)
0(1 A )-Sn(l)-N (l)
N (3C )-Sn(l)-N (l)
0(1 A )-S n(l)-P(l)
N (3C )-Sn(l)-P(l)
N (l)-S n (l)-P (l)
0 (l)-S n (l)-P (lC )
N (3)-Sn(l)-P(lC )
P (l)-S n (l)-P (lC )
0(1)-S n(l)-S n(l A)
N (l)-S n(l)-S n(l A)
N (3)-P(l)-N (2)
N (2)-P(l)-N (l)
N(2)-P(1)-(P1C)
N (3)-P(l)-Sn(l)
N (l)-P (l)-S n (l)
Sn(l A )-0(1)-Sn(l)
P (lC )-N (l)-S n(l)
P(1C)-N(2)-P(1)

83.56(12)
111.28(8)
111.28(8)
96.64(11)
68.62(8)
119.64(7)
82.15(7)
36.70(5)
143.17(6)
82.15(7)
52.19(3)
41.56(8)
138.63(8)
108.8(2)
83.01(12)
40.45(9)
42.00(9)
51.05(10)
96.44(12)
92.25(12)
99.1(2)

0 ( 1A)-Sn( 1)-N(3 C)
0(1A )-Sn(l)-N (3)
N (3C)-Sn(l)-N(3)
0 (1 )-S n (l)-N (l)
N (3)-Sn(l)-N (l)
0 (1 )-S n (l)-P (l)
N (3)-Sn(l)-P(l)
0 ( 1A)-Sn( 1)-P( 1C)
N(3 C)-Sn( 1)-P( 1C)
N (l)-S n (l)-P (lC )
0(1A )-Sn(l)-Sn(l A)
N (3C )-Sn(l)-Sn(lA )
P(l)-S n(l)-S n(l A)
N (3)-P(l)-N (l)
N(3)-P(1)-P(1C)
N(1)-P(1)-P(1C)
N (2)-P(l)-Sn(l)
P (lC )-P (l)-S n (l)
P(1C)-N(1)-P(1)
P (l)-N (l)-S n (l)
P(l)-N (3)-Sn(l)

121.37(8)
121.37(8)
105.67(14)
179.80(11)
68.62(8)
143.17(6)
33.10(7)
119.64
33.10(7)
36.70(5)
41.99(8)
126.30(7)
150.35(2)
91.29(14)
101.43(9)
42.66(8)
89.96(11)
63.91(2)
94.7(2)
92.25(12)
104.90(12)
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C6BC

Figure 17. ORTEP drawing o f 6, showing 50 % probability ellipsoids. The tert-butyl
groups on the amido and corner imido nitrogen atoms have been omitted.
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M. Discussion on the Spectral Analysis and the Synthesis o f IT'BuNPy/BuNTSnST. 7
For the formation o f tin dimers structurally equal to 6, other chalcogens such as
sulfur or selenium can be used. If 4 is treated with elemental sulfur in a 1 to 1 molar ratio
according to Scheme 8, then heated to 80 °C for 48 hours, [('BuNP)2(,BuN)2SnS]2, 7
forms. Excess sulfur causes oxidation o f P(III) to form P=S double bonds so that accurate
stoichiometries are necessary, unlike in the reaction o f 4 with 0 2. Since the product is only
slightly soluble in toluene and other solvents, a large solvent to reactant ratio was used
(100 mL/mmol). After heating the reaction vessel was allowed to reach room temperature,
and small yellow crystals formed on cooling.
The *H NMR spectrum o f 7 revealed that toluene molecules are contained in the
crystal lattice. In addition to the known toluene signals, two sharp singlets at 6 1.63 and
1.33 are observed for the te/7(butylamido) and ^/(butylim ido) protons, respectively. The
13C NMR spectrum records five expected signals for the toluene molecule and four
additional multiplets for 7 found in the 13C{H} NMR spectrum at 6 54.98, 53.45, 33.31
and 29.67. These results are in agreement with known shifts for methyl and quaternary
carbon atoms. Only one singlet within the P(III) range at 5 91.23 for the four equivalent
phosphorus atoms was found in the 31P NMR spectrum.

N. X-Rav Structure of rfBuNPW TluNT SnST, 7
For single crystal X-ray diffraction studies o f 7, a yellow needle-shaped crystal of
approximate dimensions 0.1 xO.l x 0.35 mm was attached to a glass capillary with
silicone grease. Hardware configuration, data collection parameters, and software

.52
programs were identical to those used for 1 - 3, 5 and 6. A total o f 8741 reflection
•

.

o

intensities in 1271 frames were collected at 193 K with a final resolution o f 0.75 A. The
structure crystallizes in the monoclinic space group Cl/m with unit cell dimensions a =
23.7096(1) k , b = 11.7950(1) A, c = 9.8365(1) A, /?= 109.216(1)°, and Z = 2.
The approximate C,-symmetric dimer shown in Figure 18 has an inversion center
located in the middle o f the perfectly planar (Sn-S)2 ring. This ring assumes the shape of a
rectangle with Sn-S-Sn and S-Sn-S bond angles o f 89.25 ° and 90.75 ° respectively. The
rectangle is a large four-membered ring with Sn-S bond distances o f 2.4601(12) and
2.4157(12) A compared to the smaller (P-N )2 rings that have P-N bond distances of
1.791(3) and 1.726(2) A. The molecule has two seco-heterocubes connected to the
rectangle’s tin atoms forming a mirror plane that disects the seco-heterocubes.
There are two crystallographically equivalent, five-coordinate tin atoms in the
molecule that possess somewhat distorted trigonal bipyramidal geometry. Whereas the
N (l)-S n (l)-S (l A) axis deviates slightly by 6.63° from linearity, the triangular base
presents the main distortion with an angle sum of 345.78 °. Similar to 6, two o f the
triangle’s corners, the amido nitrogen atoms, are pulled down towards the parallel (P-N )2
ring. While the third corner, the sulfur atom, is at an angle o f 90.75 ° towards the axis,
both amido nitrogen atoms are at an angle o f 67.22 °.
Other noteworthy geometric dimensions are the distances o f the o-bonded metal
nitrogen bonds o f 2.084(3) A, in contrast to the longer dative bonded distances of
2.403(4) A that are comparable with 5, and 6 The P -N -S n -N faces o f the secoheterocubes are slightly distorted, angle sum = 356.54 “which is similar to 6, but not quite
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as distorted as 5. Selected bond lengths and bond angles are summarized in Tables 12, and
11.

Table 12. Selected Bond Lengths for 7
Type

Lengths (A)

Sn(l)-N (3)
S n (l)-N (l)
S n(l)-S (l A)
Sn(l)-Sn(lA )
P(l)-N (2)
P(1)-P(1C)
N(2)-P(1C)

2.084(3)
2.403(4)
2.4601(12)
3.392(8)
1.726(2)
2.641(2)
1.726(2)

Type

Lengths (A)
Sn(l)-N(3C)
S n (l)-S (l)
P(l)-N (3)
S(1)-S(1A)
P (l)-N (l)
N(1)-P(1C)
N(3)-C(4)

2.084(3)
2.4157(12)
1.691(3)
3.438(8)
1.791(3)
1.791(3)
1.482(4)

Table 13. Selected Bond Angles for 7
Bond Type

Bond Angles (°)

Bond Type

Bond Angles (°)

N(3)-Sn(l)-N(3C)
N(3C)-Sn( 1)-N( 1)
N (3C )-Sn(l)-S(l)
N(3)-Sn(l)-S(1A)
N (l)-Sn(l)-S(1A )
Sn(l)-S (l)-S n(l A)
N (3)-P (l)-N (l)
N(3)-P(1)-P(1C)
N(1)-P(1)-P(1C)
C (l)-N (l)-S n (l)
P (lC )-N (l)-S n (l)
P(l)-N (3)-Sn(l)

105.6(2)
67.22(9)
120.09(8)
109.33(8)
173.37(9)
89.25(4)
91.6(2)
101.58(10)
42.48(9)
132.2(3)
91.36(13)
106.36(14)

N (3)-Sn(l)-N (l)
N (3)-Sn(l)-S(l)
N (l)-S n (l)-S (l)
N (3C )-Sn(l)-S(l A)
S (l)-S n(l)-S (l A)
N(3)-P(l)-N(2)
N (2)-P(l)-N (l)
N(2)-P(1)-P(1C)
P(1)-N(1)-P(1C)
P (l)-N (l)-S n (l)
P(1C)-N(2)-P(1)
C(4)-N(3)-Sn(l)

67.22(9)
120.09(8)
95.88(9)
109.33(8)
90.75(4)
109.2(2)
82.45(13)
40.09(10)
95.0(2)
91.36(13)
99.8(2)
128.3(2)
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Figure 18. ORTEP drawing o f 7, showing the 50% probability ellipsoids, hydrogen atoms
have been omitted for clarity.
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O. Discussion on the Spectral Analysis and the Synthesis o f f(tBuNPT,(tBuNf,SnSnT. 8
If 7 is treated with excess elemental sulfur, oxidation o f the four P(III) atoms to
P(V) atoms is possible. Oxidation of all phosphorus(III) centers should lead to the
formation o f only one isomer, while the oxidation o f two P(III) atoms may result in the
formation o f three isomers. The oxidation o f 4 with excess sulfur led in our case only to
the oxidation of 2 o f the 4 phosphorus centers, as shown in the equation below. More
specifically, only one of the phosphorus(III) atoms on each ring is oxidized, thus resulting
in the formation o f only two isomers, because the P=S groups may have cis or trans
orientation with respect to each other.

2 [(tBuNP)2(tBuN)2]Sn + 4 S

[(tBuNP)2(tBuN)2SnS4]2

Scheme 9. Formation o f 8.
The product has the familiar dimeric structure, but a mixture o f at least two
isomers is observed. One reasonable pathways can be envisioned where 4 is oxidized to
give an intermediate by formation o f Sn=S and P=S double bonds. Then, dimerization will
afford two products depending on the orientation o f the seco-heterocubes with respect to
each other. Scheme 10 shows the dimerization step o f the oxidized seco-heterocubic
intermediate to form cis and trans isomers. Another feasible pathway for the formation of
8 would involve dimerization immediately after oxidation o f tin before oxidation of
phosphorus which would lead to three isomers. A third dimer would contain both P=S
groups on the same (P-N )2 ring.
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There are several signals observed for the different isomers in the *H NMR
spectrum. However, there are three singlets at 6 1.62, 1.32, and 1.16 in a 1:1:2 ratio that
belong to the cis isomer. The first two signals are due to the tert(butylamido) groups, and
the signal with twice the integral region corresponds to the fe/7(butylimido) groups that
only appear equivalent because o f the dynamic process. Thel3C NMR spectrum contains
three major groups o f peaks in the methyl region that are overlapping multiplets. The
overlap is due to the presence o f two isomers. Two doublets at 6 92.72 for the P(III)
atoms, and 6 62.25 for the P(V) atoms are shown in the 31P NMR{H} spectrum. The
phosphorus atoms couple to each other so that doublets are observed.

P. X-Ray Structure o f [('BuNPTTBuNT SnS^T, 8
For single crystal X-ray diffraction studies o f 8, a thin, yellow plate o f approximate
dimensions 0.25 x 0.25 x 0.05 mm was attached to a glass capillary with silicone grease.
Hardware configuration, data collection parameters, and software programs were identical
to those used for 1 - 3 , and 5-7. A total o f 29052 reflection intensities in 2176 frames were
collected at 193 K with a final resolution o f 0.75 A. The molecule crystallizes in the
orthorhombic space group Pbca with unit cell dimensions a = 15.961(2) A ,b = 10.790(2)
A, c = 27.207(3) A, a= p = y= 90°, and Z = 4.
The ORTEP drawing in Figure 19 shows the structure o f 8 that is a dinuclear
polycyclic dimer similar to 6 and 7. At least two isomers o f are present in a single crystal
o f 8 of which one is C,-symmetric. The five-coordinate tin atoms have distorted trigonal
bipyramidal geometry where the N (l)-S n (l)-S (3 A ) axis deviates by 5.83 ° from linearity,
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and the angle sum o f the trigonal base equals 342.77 °. The central four-membered
(Sn-S)2 ring which contains the inversion center is perfectly planar with Sn-S bond
distances o f 2.4148(13) A and 2.4551(13) A.
While the nitrogen-tin o-bonded distances are 2.097(4) A, and 2.096(4) A, the
imido nitrogen metal donor bond is longer, 2.542(4) A. The seco-heterocube is distorted
by the large metal that is lifted up from its corner because o f its elongated Sn-N dative
bond, but also by the sulfur atom that is doubly-bonded to one o f the phosphorus atoms in
the (P -N )2 ring. The ring is planar, but it is no longer symmetrical like the other CDP
o

complexes, 1 - 7 ; the P=S bond distance is 1.888 A. Selected bond lengths and angles are
summarized in Tables 14 and 15.

Table 14. Selected Bond Lengths for 8
Type

Lengths (A)

Type

Lengths (A)

Sn(l)-N(3)
Sn(l)-S(3)
S n(l)-N (l)
S(3)-Sn(l A)
P(l)-N (2)
P(1)P(2)
P(2)-N((2)

2.096(4)
2.4148(13)
2.542(4)
2.4551(13)
1.715(4)
2.570(2)
1.691(4)

Sn(l)-N(4)
Sn(l)-S(3A)
S(2)-P(2)
P(l)-N (3)
P (l)-N (l)
P(2)-N(4)
P(2)-N (l)

2.097(4)
2.4551(13)
1.888(2)
1.668(4)
1.755(5)
1.667(5)
1.739(5)
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Table 15. Selected Bond Angles for 8
Bond Type

Bond Angles (°)

Bond Type

Bond Angles (°)

N(3)-Sn(l)-N(4)
N (4)-Sn(l)-S(3)
N(4)-Sn(l)-S(3A)
N (3)-Sn(l)-N (l)
S(3)-Sn(l)-N (l)
Sn(l)-S(3)-Sn(l A)
N (3)-P (l)-N (l)
N (3)-P (l)-0(1)
N (2)-P(l)-P(2)
N(4)-P(2)-N(2)
N (2)-P(2)-N ((l)
N(2)-P(2)-S(2)
N (4)-P(2)-P(l)
N (l)-P (2)-P (l)
P(2)-N (l)-P (l)
P (l)-N (l)-S n (l)
P(l)-N (3)-Sn(l)

105.1(2)
116.00(12)
113.98(13)
65.4(2)
94.68(10)
89.67(4)
95.5(2)
127.0(2)
40.67(14)
109.3(2)
83.9(2)
118.4(2)
103.9(2)
42.9(2)
94.7(2)
87.8(2)
106.9(2)

N(3)-Sn(l)-S(3)
N(3)-Sn(l)-S(3A)
S(3)-Sn(l)S(3A)
N (4)-Sn(l)-N (l)
S(3A )-Sn(l)-N (l)
N(3)-P(l)-N(2)
N (2)-P(l)-N (l)
N(3)-P(l)-P(2)
N (l)-P(l)-P(2)
N(4)-P(2)-N(l)
N(4)-P(2)-S(2)
N(l)-P(2)-S(2)
N(2)-P(2)-P(l)
S(2)-P(2)-P(l)
P(2)-N (l)-Sn(l)
P(2)-N(2)-P(l)
P(2)-N(4)-Sn(l)

121.67(12
109.30(12)
90.33(4)
66.3(2)
174.17(10)
109.2(2)
82.7(2)
102.3(2)
42.4(2)
97.7(2)
121.4(2)
118.4(2)
41.4(2)
134.22(11)
87.0(2)
98.0(2)
105.2(2)

S(2BA

C(7)

CT n

o

C(14)

C(15i

Figure 19. ORTEP drawing o f 8, containing two isomers, showing the 50 % probability ellipsoids.
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0 . Discussion on Spectral the Analysis and the Synthesis o f IY'BuN P W ^ uNV, SnSeT. 9
The process o f making [(tBuNP)2(tBuN)2SnSe]2, involves the oxidation o f tin with
yet another chalcogen. Here, 4 is treated with one equivalent o f selenium according to
Scheme 8 which affords the dinuclear, dimeric tin complex 9. The crystalline product is
almost insoluble in hydrocarbons so that a 120 mL/mmol solvent to reactant ratio was
used. Toluene was added after both reactants had been transferred as solids to the reaction
vessel, and then the mixture was heated with stirring for 48 hours. The solution was bright
yellow initially due to the highly soluble 4, but the black selenium particles were
suspended. As 9 was formed, the black particles disappeared slowly, and the solution
turned pale orange.
In addition to the signals corresponding to the toluene molecule that crystallizes
with 9 just like for 6 and 7, the *H NMR spectrum shows three distinct signals for the
fert(butylamido) groups (6 1.65) and the two inequivalent fert(butylimido) groups (61.18
and 1.08). Unlike the NMR spectra observed for the CDP metal complexes reported in
this thesis, 9 has two distinct /ert(butylimido) signals which indicates that molecular
dynamics are either nonexistent or considerably slower than the NMR timescale. This is
not unusual for CDP metal complexes and it has been observed for previously reported
complexes like [(tBuNP)2(tBuN)2]SbCl.16 Because o f the low solubility o f 9 in deuterated
benzene, C6D6, even after 25344 transients only the signals for primary carbons were
observed in the 13C NMR spectrum. The methyl carbon atoms on the /er/(butylamido)
groups produced a multiplet at 6 32.50, and methyl carbons on the tert(butylimido) groups
gave two overlapping multiplets at 6 31.73 and 31.06.
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R. X-Rav Structure o f ITBuN P U 'B uNT SnSeT. 9
For single crystal X-ray diffraction studies o f 9, a thin, square orange crystal of
approximate dimensions 0.1 x 0.25 x 0.25 mm was attached to a glass capillary with
silicon grease. Hardware configuration, data collection parameters, and software programs
were identical to those used for 1 - 3 , and 5-8. A total o f 8798 reflection intensities in
1271 frames were collected at 193 K with a final resolution o f 0.75 A. The structure
crystalizes in the monoclinic space group C2/m with unit cell dimensions a = 23.6374(1)
A, b= 11.8163(1) A, c = 9.9063(1) A, /? = 108.541(1)°, a n d Z = 2.
The dimer is related to 6, and 7 by the formal replacement of two oxygen or sulfur
atoms, respectively, by two selenium atoms. The ORTEP drawing in Figure 20 shows the
C-symmetric 9 that has a perfectly planar, almost square, (Sn-Se)2 ring at its center. This
ring contains the longest bonds in the molecule with Sn-Se bond distances o f 2.5622(6) A
o

and 2.5522(6) A. The next longest bond distance is the nitrogen tin donor bond with
2.390(4) A, and the shorter o-bonded N -Sn bonds are 2.071(3) A. The endocyclic P-N
bonds, 1.788 A are longer than the exocyclic P-N bonds, 1.678 A, but similar to those in
6 - 8 . Other selected bond distances are summarized in Table 16.
Tin is five-coordinate with approximate trigonal bipyramidal geometry and the
N (l)-S n (l)-S e (lA ) axis deviates by 7.47 ° from linearity. Furthermore, the trigonal base,
with tin in the center and bonds to N(3), N(3C) and Se(l) that form the corners of the
triangle is distorted, angle sum = 345.66 °. Table 17 show a summary o f the most
important bond angles.
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Table 16. Selected Bond Lengths for 9
Type

Lengths (A)

Type

Lengths (A)

Sn(l)-N (3)
S n(l)-N (l)
Sn(l)-S e(l A)
P(l)-N (3)
P (l)-N (l)
N(1)-P(1C)

2.071(3)
2.390(4)
2.5622(6)
1.678(3)
1.788(3)
1.788(3)

Sn(l)-N(3C)
S n(l)-S e(l)
Se(l)-Sn(lA )
P(l)-N (2)
P(1)-P(1C)
N(2)-P(1C)

2.071(3)
2.5522(6)
2.5622(6)
1.724(3)
2.633(2)
1.724(3)

Table 17. Selected Bond Angles for 9
Bond Type

Bond Angles (°)

Bond Type

Bond Angles (°)

N(3)-Sn(l)-N(3C)
N (3C )-Sn(l)-N (l)
N (3C )-Sn(l)-Se(l)
N (3)-Sn(l)-Se(l A)
N (l)-S n (l)-S e(l A)
S n(l)-S e(l)-S n(l A)
N (3)-P (l)-N (l)
N(3)-P(1)-P(1C)
N(1)-P(1)-P(1C)
P (l)-N (l)-S n (l)
P(1C)-N(2)-P(1)

105.7(2)
67.15(10)
119.98(9)
108.96(9)
172.53(10)
88.43(2)
91.4(2)
101.50(11)
42.60(10)
91.2(2)
99.6(2)

N (3)-Sn(l)-N (l)
N (3)-Sn(l)-Se(l)
N (l)-Sn-(1)-Se(l)
N(3C)-Sn( 1)-Se( 1A)
Se( 1)-Sn( 1)-Se( 1A)
N(3)-P(l)-N(2)
N (2)-P(l)-N (l)
N(2)-P(1)-P(1C)
P(1)-N(1)-P(1C)
P (lC )-N (l)-S n (l)
P(l)-N (3)-Sn(l)

67.15(10)
119.98(9)
95.90(10)
108.96(9)
91.57(2)
109.3(2)
82.7(2)
40.20(11)
94.8(2)
91.2(2)
106.7(2)

C(5)

Figure 20. ORTEP drawing o f 9, showing the 50 % probability ellipsoids. Hydrogen atoms have been omitted for clarity.

IV SUMMARY AND CONCLUSION

A. Summary
The synthesis and characterization of the metal amides 2, 3, 4, 5 and the tin
chalcogenides 6, 7, 8, and 9 provide information that elucidates on the reactivity and
structural features o f the bis amido cyclodiphosphazane ligand, 1 and its compounds. The
mononuclear metal amide complexes 3, 4 and 5 possess similar structural characteristics.
In their crystalline form, they are seco-heterocubes because o f the formation o f an imido
nitrogen donor bond to the lewis acidic metal center. In solution, this structural feature is
nonexistent due to the fluxionality of the metal between the two imido nitrogen atoms of
the ligand.
All tin chalcogenides discussed here, 6, 7, 8, and 9 are structurally related because
they are made up o f two seco-heterocubes connected by a four membered (Sn-E)2 ring (E
= O, S, Se). AJ1 four structures possess C,-symmetry with the inversion center located in
the middle o f the four membered (Sn-E)2 ring. The tin atoms are five-coordinate with
approximate trigonal bipyramidal geometry distorted only by the elongated tin nitrogen
donor bonds that range from 2.33 - 2.54 A in lengths.
The (P -N )2 ring common to all complexes is always planar yet varies slightly in
bond angles and bond lengths. Table 18 summarizes the P-N bond lengths and the P -N -P
and N -P -N bond angles o f all discussed complexes with the exception o f 4.
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P (l)-N (l) = Bond Distance A
P(1 A )-N (l) = Bond Distance B
N (l)-P (l)-N (l A) = Bond Angle C
P(1)-N(1)-P(1A) = Bond Angle D

Figure 21. (P -N )2 ring parameters summarized in table 18.

Table 18. Comparison of (P-N)2 ring parameters.
Compound
1
2
3
5
6
7
8
9

A

B

C

D

1.721
1.785
1.748
1.722
1.788
1.726
1.715
1.788

1.730
1.772
1.782
1.778
1.728
1.791
1.755
1.724

80.88
82.82
80.7
79.7
83.01
82.45
83.9
82.7

97.83
96.50
100.3
102.0
94.7
95.0
94.7
94.8

B, Conclusion
The work presented in this thesis contributes to the development of
cyclodiphosphazanes as bidentate amido ligands. Cyclodiphosphazane metal complexes of
lithium, 2, and magnesium, 3 are good starting materials for trans metalation. The straight
forward synthesis o f these metal amides suggests further possibilities for incorporation of
numerous metals and main group elements. Our research group is currently investigating
CPD ligand chemistry with a variety of elements. Further investigations o f the properties
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of the dinuclear compounds o f tin(IV), 6, 7, 8, and 9 are necessary because these
molecular species may constitute important intermediates in the transition from the
molecular to the solid state. These compounds may serve as precursors for tin
chalcogenides, which are important semiconductors.
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